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(54) Switching circuit for a reluctance machine 



(57) A switching circuit for a reluctance machine 
comprises one or more half-bridge converter modules 
comprising serially connected switches 10/12 connect- 
ed between power rails and -V^j^. A pair of capac- 
itors are also connected between the power rails and 
the phase winding of the machine is connected at one 
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end between transistors and at the other end between 
the capacitors. The switches act as separate power cir- 
cuits, alternately conducting to excite the phase winding 
either during alternate phase conduction periods or dur- 
ing alternate groups of phase periods. The half-bridge 
modules are commercially readily available as cost-ef- 
fective preassembled items. 




Printed by Jouve. 75001 PARIS (FR) 



1 



EP 0 886 370 A2 



2 



Description 

This invention relates to a switching circuit for a re- 
luctance machine. 

Figures 1(a) and 1(b) illustrate a typical 3-phase s 
switched reluctance (SR) machine and a common elec- 
tronic switching circuit which may be used to control the 
machine. The machine essentially consists of a stator s 
defining salient stator poles 1. V, 2, 2', 3, 3' on which 
are wound phase windings w, of which only one is shown 
in association with a set of poles 2, 2*, and a rotor r with 
salient poles 4, 4' and 5. 5'. It should be noted that this 
doubly salient nnachine is quite different in its character- 
istics and performance from singly salient reluctance 
machines. The latter are generally referred to as syn- 
chronous reluctance machines and operate on sinusoi- 
dal or quasi-sinusoidal voltage and current wavefom^s. 

Electronic switching circuits are arranged to supply 
unidirectional current to the phase windings w. In the 
switching circuit, each phase winding in the machine of 20 
Figure 1(a) Is associated with a circuit leg comprising a 
pair of electronic switches in series with each winding w 
across a dc supply. A description of switched reluctance 
machines, and their design and control can be found in 
the paper The Characteristics, Design and Applications 25 
of Switched Reluctance Motors and Drives' by Dr. J. M. 
Stephenson et al presented at PCIM '93 Conference 
and Exhibition at Nurnberg, Germany between 21st and 
24th June 1993. 

The skilled person will be aware that an SR motor 30 
requires a bi-polar excitation voltage applied to the 
phase winding so as to force the flux in the phase wind- 
ing up or down as and when required, according to the 
timing of the control strategy used. However, because 
the flux in a given phase is generally unipolar, the current 3S 
need not reverse during a phase period. It is commonly 
accepted that SR machines are conventionally run with 
unipolar currents. 

The phase currents in, for example, a 3-phase SR 
machine are generally spaced by 1 20° in respect of their 40 
fundamental frequency component, but they do not al- 
ways sum to zero due to the non-sinusoidal shape 
caused by their harmonic content. This means that a 
3-phase switching circuit for an SR machine cannot nec- 
essarily use a conventional star(wye)- or delta-connect- ^5 
ed inverter by which to derive dc power from an ac 
source. 

A well-known circuit suitable for switched reluc- 
tance machines, which can be operated in several ways, 
is shown in Figure 1 (b). In the first method of operating so 
the circuit, both switches t of a leg are switched on and 
off together so that at switch-off the current transfers 
from the switches to flow through the diodes d. In the 
second method, only one of the two switches t is opened 
so that the current circulates or Ireewheels", due to the 55 
stored magnetic energy associated with the winding 
through one switch and one diode. Both switches are 
turned off at the end of a phase conduction period. 



At low speed, the current in the phase winding is 
typically controlled by chopping, in which case the ma- 
chine Is said to be 'current fed'. 

Figures 2(a) and (b) illustrate typical chopped nrwD- 
loring and generating phase winding current wave- 
forms, respectively, without freewheeling. The current is 
illustrated in relation to angle 0 of rotation of the rotor 
with respect to the stator. 

At higher speeds, the time required for the growth 
and decay of flux is significant in relation to the phase 
period (defined as the time corresponding to one cycle 
of phase inductance variation). The time rate of change 
of flux linkage Is determined by the voltage applied to 
the winding, and the rate of change with respect to angle 
therefore falls as the speed rises. At these higher 
speeds there is, therefore, only a single pulse of current 
in the switches and diodes in each phase period. Cor- 
responding phase winding currents a re illustrated in Fig- 
ure 3(a) and (b), respectively for motoring and gener- 
ating operation. Operation in this manner is called the 
"single-pulse"* mode of operation in which the machine 
is said to be 'voltage fed*. 

It should be noted that the 'conduction angle' % in 
Figure 3(a) and (b) is the angle over which the switches 
are closed: e^n is the 'switch-on angle' and is the 
'switch-off angle'. Furthermore, the effect of the phase 
winding resistance has been assumed to be negligible 
in constructing the waveforms of Figures 3(a) and (b). 
The flux linkage waveform v oi the phase winding is il- 
lustrated by the broken lines. Foltowing closing of the 
switches t in Figure 1 (b) associated with a phase wind- 
ing, the flux linkage grows linearly When the switches 
are opened, the flux linkage falls linearly, the current 
flowing through the diodes d imposing a voltage of -V^ 
on the windings. 

In order to maintain the torque developed by the 
machine as the speed rises under single-pulse control, 
it is necessary to maintain the flux amplitude. This is 
commonly achieved by Increasing the conduction angle 
with speed. 

Control of this single-pulse mode of operation with 
full torque capability at higher speeds is exercised by 
variation of the angle of a rotor pole relative to a partic- 
ular stator pole at which the switches are closed (the 
switch-on angle) and the angle over which the switches 
rennain closed (the previously mentioned conduction an- 
gle). 

The circuit of Figure 1 (b) is well suited to controlling 
the current in the inherently inductive windings of an SR 
machine. Turning both switches on applies the full sup- 
ply voltage to the winding of a particular leg: forcing the 
flux (and, therefore, the current) to the required value al 
the maximum possible rale. Opening both switches then 
brings the diodes into conduction and forces the flux 
(and the current) down quickly Opening only one switch 
provides a freewheel path for the winding current, with 
only a small negative winding voltage - flux then falls at 
only a relatively low rate. By incorporating these three 
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modes into a suitable control strategy, the winding flux 
and/or current can be controlled effectively and with rel- 
atively low switching losses. Stored energy in the wind- 
ing (as at the end of a phase period when the switches 
are turned-off) is returned to the supply via the diodes. 

The circuit of Figure 1 (b) is also fault -tolerant. Be- 
cause the winding Is placed between the two switches, 
there is no possibility of a direct short circuit across the 
dc supply. 

There are, however, drawbacl^s to the circuit of Fig- 
ure 1 (b). Firstly, it requires four power terminals for each 
leg (or phase). Secondly, each phase requires a mini- 
mum of two separate cables to connect it to the motor. 
A third problem is the lack of medium- and high-power 
pre-assembled semi-conductor modules with the re- 
quired circuit configuration. 

The second of the above drawbacks (the need for 
at least two cables per phase) can be overcome by using 
the so-called H circuit shown in Figure 4. In this circuit 
the switched reluctance machine windings are connect- 
ed to a common centre point between the two smoothing 
capacitors C. Half the supply voltage is then available 
for inducing flux growth and half is available for forcing 
the flux down. The inherent operation of the basic H cir- 
cuit is restricted to voltage (single-pulse) control of an 
SR machine having an even number of phases. The 
even number of phases is required because some of the 
energy drawn from, say, the top smoothing capacitor to 
the winding of phase A is returned to the lower capacitor 
at switch off. Unless this energy transfer Is matched, by 
an equal one in the other direction from, say, the winding 
of phase B, the mid-point voltage on the capacitors will 
drift, eventually reaching the top rail voltage. Given an 
even number of phases, the circuit still will not work if 
the windings are energised in a current controlled (chop- 
ping) mode because there will inevitably be slight mis- 
matches between the phase winding currents. In the 
voltage controlled (single pulse) mode, the circuit is self- 
stabilising because any small drift of the capacitor mid- 
point potential results in an increased current drain from 
the capacitor having the higher voltage. However, with 
current control, no such stabilising mechanism exists 
during repeated chopping cycles, and external circuitry, 
such as that described in EP-A-0074752. must be used 
to regulate the mid-point potential. 

It is an object of the present invention to provide an 
alternative switching circuit for controlling a switched re- 
luctance machine. 

It is a further object of the invention to provide a 
switching circuit that can be assembled from readily 
available electronic component packages 

The invention is defined In the accompanying inde- 
pendent claims. Some preferred features are recited in 
the dependent claims. 

In a preferred emtxjdiment, the invention can make 
use of the half -bridge circuit which is readily available in 
pre-assembled packages. According to the invention 
the two switch devices are energised in turn for each 



excitation of the phase winding to which the circuit is 
connected. In effect, the switch devices act as two inde- 
pendent power circuits connected so that they share the 
switching burden either by being energised alternately 
5 or for alternate groups of successive phase excitations. 
The present invention can be put into practice in 
various ways, some of which will now be described by 
way of example with reference to the accompanying 
drawings in which: 

10 

Figure 1(a) is a cross-section of a conventional 

switched reluctance machine; 

Figure 1 (b) is a circuit diagram of a conventional 

switching circuit for the machine of Figure 1(a); 
15 Figures 2(a) and (b)are illustrations of motoring and 

generating phase currents at low speed; 

Figure 3(a) and (b) are illustrations of motoring and 

generating phase current and flux for high speeds; 

Figure 4 is a circuit diagram of an alternative con- 
20 ventional switching circuit for a switched reluctance 

machine; 

Figure 5 is a circuit diagram of a switching circuit 
according to the invention; 
Figure 6(a) illustrates phase and switching currents 
2S for switching at higher speeds according to the in- 
vention; 

Figure 6(b) illustrates phase and switching currents 
for switching at low speeds according to the inven- 
tion; 

30 Figure 7 illustrates a controller which may be used 
in a reluctance machine drive incorporating the in- 
vention; 

Figure 8 illustrates phase and torque waveforms for 
a reluctance machine switched according to the in- 
3S vention in a stall condition; and 

Figure 9 is a circuit diagram of a control circuit for 
the switching circuit according to the invention; and 
Figures 10(a) and (b) are circuit diagrams of alter- 
native switching circuits according to the invention. 

40 

Referring to Figure 5, one leg of a switching circuit 
for a reluctance nfiachine comprises first and second 
power switches 10 and 1 2. The power switches may be 
any suitable devices, such as bipolar power semi-con- 

45 ductor transistors, power field effect transistors or thyr- 
istors. One side of the first switch 10 is connected with 
a positive power supply rail +Vqc and the other side of 
the second switch 12 Is connected with a negative pow- 
er supply rail -Vqq. fn between, the first and second 

50 switches are connected together and also to one end of 
the phase winding w of the reluctance machine to be 
controlled (see Figure 1(a)). The other end of the wind- 
ing w is connected between a pair of serially connected 
capacitors 1 4 and 16. The opposite ends of the capac- 

55 itors are also respectively connected with the first and 
second power supply rails +\/oc "^dc ^ diode 
18/20 is connected across each of the switches 10/12. 
In practice, the pairs of switches and diodes con- 
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nected as shown In Figure 5 are available in standard 
electronic component packages as half-bridge mod- 
ules. The broken line boxes in Figure 5 illustrate such 
an arrangement, where the module contains one switch 
and one diode. Alternative forms are available where all s 
four devices (10, 12, 18 and 20) are contained in one 
single module. Examples of these are the insulated gate 
bipolar transistor-based packages MG25Q2YS40 and 
MG1 50Q2YS40. manufactured by Toshiba Corporation, 
Tokyo, Japan. The skilled person will appreciate lhal 
other variants exist which will also be suitable In partic- 
ular applications to equal effect. 

The switches 10 and 12 shown in Figure 5 are typ- 
ically implemented as Insulated gate bipolar transistors, 
but it will be appreciated by the skilled person that other 
power switching devices could be used and many are 
available in the half-bridge module packages referred 
to. It will also be appreciated that the circuit of Figure 5 
is for a single phase winding of a reluctance machine. 

This may be the only phase of the machine or one 
of a plurality. In the case of more than one phase (such 
as the machine of Figure 1 (a)) a circuit according to the 
invention can be connected to each phase, as shown in 
Figure 10(a) in which like components have been as- 
signed the same reference numerals as in Figure 5 for 
each of the three phases Illustrated. An alternative form 
of multiphase circuit is shown in Figure 10(b) in which a 
pair of capacitors 14' and 16' are connected between 
the power rails +Vpc and -V^^q. The common mid-point 
between the capacitors is connected with one end of 
each of the windings. It will be apparent to one skilled 
in the art that any of the capacitors in Figures 5, 10(a) 
and 10(b) could comprise two or more individual capac- 
itors connected in series or parallel to yield the current 
and voltage ratings required for any particular applica- 
tion. 

The circuit of Figure 5 uses either the switch/diode 
pair 10 and 20 or the pair 12 and 18 for a phase cycle 
of the machine. Considering the motoring condition of 
the SR machine and referring to Figure 6(a) in which 
single-pulse control is illustrated, it will be seen that the 
phase current lp|, I.e. the current in the winding. Is bipo- 
lar. The current In each switch, I^q and indicates that 
the switches are operated alternately. For the conduc- 
tion cycle for the phase winding w in Figure 5, the switch 
10 is switched on to be conducting at point A in Figure 
6(a) at the start of the conduction period. Current in the 
winding w grows in the conduction period and the switch 
10 is opened at the point B at the end of the conduction 
period, causing a voltage reversal across the winding w 
and flux (and hence current) decay. The decaying cur- 
rent circulates through the winding w, the capacitor 16 
and the diode 20. 

As indicated In Figure 6(a). at the start of the next 
conduction period at point G, the switching duty is trans- 
ferred to the switch 12 which is closed while the switch 
10 remains open. In this case, the phase current flow is 
in the opposite sense to that for the switch 10. The cur- 



rent grows In the opposite sense until the end of the con- 
duction period at point D when the switch 12 is opened. 
With no path available to the decaying current in the 
winding through the switch 12, the current now circu- 
lates through the diode 18 and the capacitor 14. 

At low speeds, in current controlled operation or 
chopping, the current in each phase period will reverse 
according to an otherwise conventional chopping strat- 
egy. This is illustrated In Figure 6(b). 

The circuit uses the switch/diode combinations of 
10 and 20, or 12 and 18 for each phase period. The cir- 
cuit is, in effect, a pair of power circuits connected to- 
gether to provide winding excitation current of a polarity 
which, in the manner described above, alternates on 
successive phase periods. This alternating duty reduc- 
es capacitor voltage swings to a minimum. However, it 
is equally possible to arrange for the switches to be op- 
erated in alternate groups or bursts of duty, swapping 
between switches only after the passing of a member of 
phase periods. 

It should be noted that, with a polyphase embodi- 
ment of this invention, the phases are operated quite 
independently of each other. This is in contrast to an 
inverter-fed reluctance or induction machine In which 
the phase currents and voltages are dependent on each 
other (and in which the phase currents normally sum to 
zero). 

It should also be noted that when the machine is 
operated according to the invention the current in the 
phase winding Is unidirectional during any one phase 
period (I.e. it Is unipolar). During alternate phase peri- 
ods, or alternate groups of phase periods, the current 
direction changes as shown in Figures 6(a) and 6(b). 
The frequency of current reversal is therefore a maxi- 
mum of half the frequency of the electrical cycle. This is 
in contrast to Inverter-fed machines where the frequen- 
cy of voltage and current reversal is tied exactly to the 
electrical cycle. 

Because each phase excitation draws current from 
(and returns energy to) both capacitors, there should be 
no long-term drift of the mid-point voltage between the 
capacitors. In practice, a resistor (or some other means 
of balancing voltage) may be fKted across each capac- 
itor to allow for small errors (due to timing differences 
etc) between alternate cycles, and to allow for slightly 
different capacitor values whilst in the current control or 
chopping mode. In more severe cases (perhaps be- 
cause of poor capacitor tolerances), active balancing 
will be required to mon'rtor the mid-point potential be- 
tween the capacitors and to modulate the operation of 
the switches 10 and 12 in some fashion so as to adjust 
the current drain and hence equalise the voltages 
across each capacitor. For example, the mid-point volt- 
age could be monitored and used to address the SR 
control circuitry such that additional energy is drawn 
from the capacitor having the higher voltage to achieve 
a balance. This need not be a proportional controller 
which might be excessively complicated. A simple com- 
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parator-type circuit, with hysteresis, can be used to in- 
dicate an imbalance over a certain threshold. When the 
threshold is reached the controller addresses one 
switch continuously until the imbalance has fallen or 
even been reversed, after which normal alternate duty s 
operation is restored. 

Figure 7 illustrates a hysteresis-based controller for 
this purpose. A positive voltage hysteresis comparator 
22 compares a reference voltage +V^gj with a feedback 
signal indicative of the mid-point voltage between 
the capacitors 14 and 16. When the difference between 
the two voltage signals exceeds the predetermined 
threshold, the output from the comparator Is applied to 
a selector switch 24 which switches operational duty 
from one switch to the other. 

It will be appreciated that V^, rising in a positive 
sense above the threshold magnitude will cause the se- 
lector 24 to enable energisation of the switch 12. It Vn, 
falls below the negative threshold, the switch 24 will en- 
able energisation.of the switch 10. The actual timed fir- 
ing signals are derived from a conventional SR timing 
control circuit in conventional manner coincident with 
the beginning and the end of each conduction period. It 
will be appreciated by the person of ordinary skill that 
the above operation of the single phase arrangement of 
Figure 5 applies to each of the phases in the circuits of 
Figures 10(a) and 10(b) mutatis mutandis. 

In some situations the motor may be required lo op- 
erate in a stalled condition in which it does not produce 
sufficient torque according to the normal switching se- 
quence. The one or more phases connected with the 
circuit(s) according to this invention can be driven for 
extended periods by energising either one of the switch- 
es. However, this creates an imbalance in the charges 
on the capacitors 14 and 16. This can be countered by 
swapping between switch/diode pairs exciting the same 
phase. The effect of transition between switch/diode 
pairs will be to cause perturbations in the torque output 
of the motor at the point of changeover. This is illustrated 
in Figure 8 in which the phase current Ip^, swapped be- 
tween switches is shown. At the transition, the torque 
output T is disturbed and a sharp drop in torque is ere* 
ated until the inverted phase current Ip^ according to the 
change in switch is established. 

Where two phases are active simultaneously in a 
stall situation, it is possible to ensure that they both draw 
current from, and return current to, opposite capacitors. 
For example, if it were required to operate simultane- 
ously phases 1 and 2 of Figure 10(b), the winding Wot 
Phase 1 could be supplied by the top capacitor 14' via 
the top switch 10, and the winding Wg of Phase 2 could 
be supplied by the bottom capacitor 16' via the bottom 
switch 12. In this way the capacitor voltages are main- 
tained at approximately equal values. This has the ad- 
vantage that the two phases can supply continuous 
torque without the perturbations shown in Figure 8. It 
would, of course, be possible to combine this mode of 
operation with an active method of mid-point balancing 



it required. For example, the current levels at which the 
two windings are operated could be modulated to adjust 
the mid-point voltage while still providing continuous 
torque. 

The extended periods of duty to which a switch/di- 
ode pair is subjected in a stall situation are similar, in 
terms of the loading placed on the switches and the po- 
tential imbalance in the capacitors, to very low speed 
operation. Extended periods of phase winding excitation 
are present in both. The techniques of swapping be- 
tween switch/diode pairs in a stall situation can be ap- 
plied during a phase period to address this. Thus, swap- 
ping between switch/diode pairs may take place during 
the same phase period according to the invention. 

The circuit of the invention allows low-cost, readily 
available half-bridge inverter semi-conductor modules 
to be used for SR machine control. For an n-phase mo- 
tor it reduces the number of motor phase connect k>ns 
required from 2n (for the conventional circuit) to n+1, 
with no practical restrictions placed on the value of n. 
The reduction in the number of machine cables may be 
particularly valuable in applications requiring very long 
cable runs and, for example, in environmentally sealed 
motors where additional connections are costly and like- 
ly to increase the risk of undermining the integrity of the 
sealed unit. 

The circuit of the invention can utilise each switch 
on average for only half the time as the equivalent in a 
conventional circuit. While this implies an inefficient use 
of the switches., it also means that the thermal loss per 
switch and dkxie pair is halved. Thus, the current capa- 
bility of each switch is increased (theoretically doubled) 
or the current rating of each switch for a given applica- 
tion can be reduced. In practice, applications using tran- 
sistors as the switches are defined in terms of their peak 
current handling capability as well as thermal rating. In 
many applications the peak current consideration will be 
dominant, so the transistors may be over-sized In terms 
of thermal load in the circuit of the invention because of 
this. Nevertheless, this will reduce the heat sinking re- 
quirements which may be beneficial in applications in 
which space is limited. 

Figure 9 illustrates control logic by which transfer 
between the switches of the circuit may be effected on 
alternate phases. A changeover command on line 30, 
is applied to the data input of a D-type flip-flop 32 and 
to one input of a two Input AND gate 34. The inverted 
output of the D-type flip-flop Is applied to the other input 
of the AND gate 34. The output of the AND gate 34 is 
applied to the CE input of a J/K-type flip-flop 36 which 
receives an enabling voltage V^q at the J and K inputs. 
AND gates 38/40 provide the driving signal for each of 
the switches 10 and 12 of the circuit in Figure 5. The 
non -inverted output from the J/K-type flip-flop 36 is ap- 
plied to the AND gate 38 and the inverted output of the 
flip-flop 36 is applied to the AND gate 40. A switch driv- 
ing signal is applied on line 42 to the other input of each 
of the AND gates. The combined action of the flip-flop 
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36 and the AND gates 38 and 40 is such as to steer the 
switch driving signal 42 to either of the two outputs 41 
and 43 to drive the high-side and low-side switches 10 
and 1 2 respectively. 

The changeover command on line 30 is initiated 
every time an active phase period has ended following 
enablement ot one of the switches. The timed switch 
driving signal is then available on the output of the AND 
gate corresponding to the other of the transistors for the 
next active phase period. 

While the invention has been described mainly in 
connection with switched reluctance motors, it wiif be 
appreciated by the skilled person that such a switching 
circuit is equally applicable to switched reluctance gen- 
erators subject to well-known adjustment of the control 
strategy for deriving current from the windings as a re- 
sult of driving the rotor. 

The invention has been described in connection 
with the illustrative embodiments discussed above and 
the skilled person will recognise that many variations 
may be made without departing from the present inven- 
tion. For example, white the invention is discussed in 
terms of a module comprising a half-bridge inverter cir- 
cuit, it could equally well be implemented in non-modu- 
lar form. Also, the transistors described are one form of 
switch which could be used to gate current for exciting 
the winding. Furthermore, a machine such as a reluc- 
tance machine can be constructed as a linear motor in 
which the moving member is often referred to as a rotor. 
The term 'rotor* herein is intended to embrace such mov- 
ing members of linear motors. Accordingly, the above 
description of the invention is made by way of example 
and not for purposes of limitation. The invention is In- 
tended to be limited only be the spirit and scope of the 
following claims. 



Claims 

1. A switching circuit for a phase winding of a doubly 
salient reluctance machine, comprising a pair of 
switch devices serially connected between a posi- 
tive and a negative power rail, a pair of capacitors 
serially connected between the power rails in par- 
allel with the switching devices, and a diode con- 
nected across each switch device to conduct to- 
wards the positive rail, the phase winding being 
connectable between the switching devices at one 
end and between the capacitors at the other end. 

2. A circuit as claimed in claim 1 in which each switch 
device comprises a transistor. 

3. A circuit as claimed in claim 2 in which each tran- 
sistor is an insulated gate bipolar transistor 

4. A circuit as claimed in any of claims 1 to 3 in which 
each of the switch devices and its associated diode 



are formed as a preconnected module. 

5. A c'lfcuW as claimed in any of claims 1 to 3 in which 
the pair of switches and the respectively connected 

s diodes are formed as a preconnected module. 

6. A switched reluctance machine system comprising: 
a doubly salient reluctance machine having a rotor, 
a stator and at least one phase winding: and a 

10 switch circuit comprising a pair of switch devices se- 
rially connected between a positive and a negative 
power rail, a parr ot capacitors serially connected 
between the power rails in parallel with the switch 
devlces: and a diode connected across each switch 

15 device to conduct towards the positive rail, the 
phase winding being connected between the switch 
devices at one end and between the capacitors at 
the other end, the switch means being selectively 
actuatable to energise the phase winding such that 

20 the frequency of current reversal in the phase wind- 
ing is not greater than half the frequency of the elec- 
trical cycle of the machine. 

7. A system as claimed in claim 6 in which each of the 
25 switch devices is actuated for alternate phase con- 
duction periods. 

8. A system as claimed in any of claims 6 or 7 in which 
each switch device comprises a transistor. 

30 

9. A system as claimed in any of claims 6 to 8 in which 

each of the switch devices and its associated diode 
is formed as a preconnected module. 

35 10. A system as claimed In any of claims 6 to 8 in which 
the pair of the switch devices and the respectively 
connected diodes are formed as a preconnected 
module. 

40 11 . A system as claimed in any of claims 6 to 1 0 includ- 
ing monitoring means responsive to the voltage be- 
tween the capacitors exceeding a predetermined 
threshold magnitude while one of the switch devic- 
es is actuated to disable the said one device and 

45 actuate the other switch device. 

1 2. A method of operating a switching circuitfor a phase 
winding of a switched reluctance machine compris- 
ing a rotor a stator and at least one phase winding, 

50 which switching circuit comprises a pair of switch 
devices serially connected between a positive and 
a negative power rail, a pair of capacitors serially 
connected between the power rails In parallel with 
the switch devices, and a diode connected across 

55 each switch device to conduct towards the positive 
rail, the phase winding being connected between 
the switch devices at one end and between the ca- 
pacitors at the other end, the method comprising : 
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actuating the switch devices in turn such thai 
the frequency of current reversal in the phase wind- 
ing is not greater than half the frequency of the elec- 
trical cycle of the machine. 

5 

13. A method as claimed in claim 12 in which each 
switch device Is selected for groups of successive 

conduction periods of the machine, the switch de- 
vices being selected alternatively for successive 
groups. ^0 

14. A method as claimed in claim 15 in which the volt- 
age at a mid-point between the capacitors is moni- 
tored and one of the switch devices is selected 
when the mid-point voltage exceeds a threshold. '5 

15. A method as claimed In claim 1 2 in which the switch 
devices are selected for alternate conduction peri- 
ods of the same phase. 
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